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METABOLISM OF PHOSPHATE ESTERS AND PHOSPHOLIPIDS
IN SKIN MAINTAINED IN VITRO*
H. J. YARDLEY, Pu.D. AND G. GODFREY
When skin is maintained in vitro in the absence
of added substrate, a considerable uptake of oxy-
gen is observed. Consumption of endogenous glu-
cose, glycogen and protein has been shown to
account for less than one half of this uptake in
guinea pig-ear skin (1). Bearing in mind the close
relationship existing between phosphorus metab-
olism and energy-producing reactions, the uptake
of [32P]orthophosphate into the acid-soluble phos-
phates and phospholipids of skin maintained in
the absence of added substrate has been examined
in an attempt to identify the remainder of the
endogenous substrate. Some of the experiments
described have already been presented (2).
METHODS
Preparation of skin extracts. Slices of guinea
pig-ear skin were cut by hand from the dorsum of
the ear of the adult animal after cervical fracture.
Skin slices weighing about 10 mg were labelled
with 32 by floating (dermis side down) for 6 hr at
370 C. on 0.5 ml of Krebs-Ringer phosphate (3),
containing [32P]orthophosphate (about 100 MG/mi)
and streptomycin sulfate (50 pg/mI). In parallel
experiments, glucose (final concentration 0.02M)
was included in the medium. All incubations were
carried out in microrespirometers (4). After each
incubation, sterility was checked by streaking a
loopful of the medium across a nutrient agar
slope which was then incubated at 37° C. for 1 day.
For phosphate ester studies, a slice of incubated
skin was frozen in liquid nitrogen and extracted
in a glass tissue grinder (5) with 10% (w/v) tn-
ehloroacetic acid (0.01 mI/mg skin). To the clear
supernatant obtained after centrifuging, EDTA
(about 1 mg) and sufficient ammonia to make the
solution alkaline were added. Part of this extract
(0.025 ml) was used for paper chromatography.
For extraction of phospholipids, the method of
Folch, Lees and Sloane-Stanley (6) was used. Each
skin slice was extracted in a glass tissue grinder
(5) with 0.25 ml chloroform-methanol (2:1 by
vol). Methanol (0.05 ml) was then added to assist
centrifugation. Chloroform (0.1 ml) was added to
the clear supernatant to restore the chloroform-
methanol ratio. The crude extract was then washed
with 0.73% NaC1 (0.08 ml) and the upper layer
discarded. The residue was washed a second time
with about 0.5 ml. of the upper phase of the system
chloroform-methanol-0.73% NaC1 (8:4:3 by vol).
The 31 and 32 content of this washed extract was
measured.
Paper chromatography and etectrophoresis.
Descending chromatograms were run in the follow-
ing solvents at 27°C.: I, n-propanol-aq. ammonia
(sp. gr. 0.88)-water (6:3:1, by vol) for 40 hr. or
16 hr; II, tert-butanol-picnia acid-water (20:1:5,
v/w/v), for 30 hr.; III, phenol-aq. ammonia (sp
gr 0.88)-water (80:1:19, w/v/v) for 24 hr.; IV,
n-butanol-propionic acid-water (10:5:7, by vol)
for 24 hr; V, phenol saturated with water-acetic
acid-ethanol (50:5:6, by vol) for 18 hr. Solvents
I and II were used in conjunction with Whatman
No. 1 chromatography paper (18% x 22% in.)
that had been soaked for 30 mm. in a 0.2% solution
of EDTA adjusted to pH 8.5 with sodium hy-
droxide and then washed with six changes of
distilled water. Solvents III, IV and V were used
with Whatman No. 1 chromatography paper that
had been washed with 2 N-acetic acid and water.
When using solvent III and when Rio values ware
not required, more compact fast-running spots
were obtained by spraying a 10 cm band of solvent
in front of the starting line before development
(7). Phosphate esters and radioactive compounds
were detected on paper as described previously (8).
When a reference compound is added to a skin
extract prior to co-chromatography, the amount
must be large enough to be detected chemically
in the presence of picric acid, but not large enough
appreciably to distort the chromatograni. In
practice, 1 pmole P was found to be a suitable
quantity. On the other hand, when a reference
compound is co-chromatographed with a single
radioactive compound in order to establish its
identity, an irregularly shaped chemically de-
tected spot coinciding with an exactly similar
radioactive spot provides very good evidence of
identity. For this reason, in co-chromatography
of this second kind, the paper was deliberately
overloaded with up to 10 pmole of reference com-
pound.
lonophoretic measurements were carried out on
Whatman No. 3MM chromatography paper sup-
ported between two cooled glass plates (9). Vola-
tile buffer at pH 3.6 (pyridine-acetic acid-water
1: 10 : 89 by vol) was applied to the paper and cur-
rent was passed for 2 hr at 16 V/cm. Correction
for endosmotic flow was made possible by adding
to the origin the uncharged yellow dye 'Apolon'
(Microchemical Specialities Co., Berkeley, Calif.,
U.S.A.).
Determination of 31p and Each phospholipid
extract was evaporated to dryness and boiled for
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2—3 mm. with 0.5 ml of a mixture of 60% (w/w)
perchloric acid and sulphuric acid (2:3, by vol).
Separate experiments showed that longer digestion
times gave results that were not significantly
different, but the blanks were higher. The phos-
phorus content of the digest was determined by
the method of Berenblum and Chain (10) with the
modification that all volumes were halved. The
P content was measured by counting in a liquid
Geiger counting tube.
The 32 content of chromatographic spots was
determined by cutting out the spot, boiling with
perchloric acid (72% w/w) and carrier ortho-
phosphate until a colourless solution was obtained,
making up to 10 ml with water and counting as
described above.
All digestions involving the use of perchloric
acid were performed with precautions against
possible explosions.
Measurement of hydrolysis constant of radio-
active compounds eluted from chromato grams.
Radioactive compounds were eluted from chro-
matograms with water. Picric acid, if present, was
removed by further chromatography in solvent I
(Ref. 11). The radioactive compound was dis-
solved in N-HC1 and portions of this mixture were
sealed in ampoules and heated at 1000 C. in a
water bath. Ampoules were removed at intervals,
rapidly cooled to 0° C. and the contents shaken
for 15 sec. in glass stoppered tubes with iso-
butanol (6 ml), 5% ammonium molybdate in
4N-HC1 (1 ml), carrier orthophosphate solution
containing 25 pg P/mi) (1 ml) and water (3 ml).
Orthophosphate, as phosphomolybdate, passes
quantitatively into the organic layer leaving
unhydrolysed phosphate ester in the aqueous
layer (10). Each phase was made up to 10 ml.
with water or iso-butanol and counted. Since
there is less self-absorption of $ particles in iso-.
butanol than in water, a correction must be made
for this: for our equipment, the required factor
was found to be 0.94. When the logarithm of the
fraction remaining unhydrolyzed was plotted
against time of hydrolysis, a straight line was
obtained. From this graph, the time for 50%
hydrolysis was read off.
MATERIALS
Sodium co-glycerophosphate was obtained from
Fluka A.G., Buchs, 5G., Switzerland; phosphoryl-
choline and phosphorylethanolamine from Sigma
Chemical Co., St. Louis, Missouri, U.S.A.; ADP
from Pabst Laboratories, Milwaukee 5, Wis-
consin, U.S.A., and other phosphate esters from
British Drug Houses Ltd., Poole, Dorset, Great
Britain. Barium salts were converted to the am-
monium salts before co-chromatography by shak-
ing with Zeokarb 225 (NH4j (The Permutit
Company Ltd., London W.4., Great Britain).
Glycerylphosphorylcholine was prepared from
ovolecithin (donated by Dr. R. B. Ellis, Birming-
ham) by the method of Hubscher, Hawthorne
and Kemp (12).
RESULTS
Acid soluble phosphates formed by skin main-
tained in vitro in the presence or absence of added
substrate. Fig. 1A shows some of the phosphate
esters formed by skin when maintained for 6
hours in the presence of added glucose: the identi-
ties of the listed esters have been established by
means of co-chromatography with reference com-
pounds in solvents I—IV. In Fig. lB the phosphate
esters formed by skin when maintained for the
same time in the absence of added glucose are
shown. There is a greatly reduced incorporation
of [32P]orthophosphate into all spots with the ex-
ception of spot 5, 9 which is increased in intensity.
When spot 5, 9 was rechromatographed in solvent
III it was resolved into two components having
R values of 0.4 and 0.95. The slower moving
spot was shown to be phosphorylethanolamine
by co-chromatography in solvents I—TV.
The fast moving component was shown to be
phosphorylcholine from the following observa
tions
1. The compound co-chromatographed with
phosphorylcholine in solvents I—TV.
2. When co-chromatographed with increasing
amounts of phosphorylcholine in solvent
III, the radioactive spots spread out in the
same way as the reference compound (cf.
ref. 13).
3. The time for 50% hydrolysis of the sub-
stance in N-HC1 at 100°C. was 37 hr. which
is in good agreement with a value of 38 hr.
reported by Meyerhof and Kiessling (14).
4. Repeated co-precipitation with the barium
salt of phosphorylcholine yielded precipi-
tates having specific activities of 0.35, 0.38,
and 0.39 counts/sec/mg (ef. ref. 15).
FIG. 1. Radioautographs made from two-dimensional chromatograms (solvent Tin horizontal direction
and solvent IT in vertical direction) of trichloroacctic acid extracts of guinea pig-ear skin maintained on
media containing [°°Pjorthophosphate in the presence (A) or absence (B) of glucose. Radioautograph C
was made in the same way as radioautograph A with the difference that solvent I was run for 16 hr. in-
stead of 40 hr. Key to spots: 1, Fructose 1:6-diphosphate; 2, 2:3-diphosphoglycerate; 3, unknown; 4,
glucose 6-phosphate; 5, mannose 6-phosphate; 6, unknown; 7, glucose 1-phosphate; 8, phosphorylethanol-
amine; 9, phosphorylcholine; 10, 3-phosphoglycerate; 11, orthophosphate; 12, phosphoenolpyruvate;
13, co-glycerophosphate; 14—16, unknown; 17, ADP; 18—20, unknown; 21, glycerylphosphorylcholine; 22,
glyeerylphosphorylethanolamine; 23, ? glycerylphosphorylserine; 24—25, unknown.
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TABLE 1
Uptake of [°P]orthophosphate (counts/sec/g wet
wt) into phosphorylethanolamine and phospho-
rylcholine in skin maintained in the presence or
absence of added glucose.
Phosphorylethanolamine Phosphorylcholine
Glucose
present
1806
1998
1224
Glucose
absent
1806
1463
1599
Glucose
present
16
29
25
Glucose
absent
520
897
937
TABLE 2
Approximate RF values and ionophoretic mobilities
of some phosphate esters present in a skin extract
that move quickly in solvent I.
s t
.
Rein
SolventI
Rio
SolveutII
Rein
Solvent V
Mobility at
pSI3.6
Relative to
Iuorgaoic P
—___________
Iden-
City ofEster'
-
This
work
Ref.
16
This
wurk
Ref.
16 Ref. 16
21 .37 .28 .92 .77 0 0 GPC
22 .44 .30 .65 .63 0 0 GPE
23 .42 .42 .29 .30 .60 .61 GPS
24 .45 .47 .50 .67
.20 .57 GPI
* The abbreviations stand for glyceryiphos-
phoryleholine, glyceryiphosphorylethanolamine,
glyceryiphosphorylserine and glyeerylphospho-
rylinositol.
The increased intensity of spot 8, 9 in Fig. TB
was shown to be due to an increased content of
labelled phosphorylcholine (Table 1). Similar re-
sults were obtained when skin was maintained in
the presence or absence of added glucose for
periods of 3, 1, 2 and 4 hr.
Fig. 10 is a radioautograph prepared from skin
maintained in the presence of added glucose: it
was prepared in the same way as Fig. 1A except
that a shorter development time in solvent I was
used. Under these conditions, a new constellation
of spots appears. RF values of four of these com-
pounds in solvents T and TT are given in Table 2.
After heating with N-HC1 at 100°C. for 1 hr., all
four spots yielded compounds which eo-chroma-
tographed with a-glycerophosphate in solvents
I—TV, suggesting that they are all glyeerylphos-
phoryl diesters (16). These four compounds were
therefore subjected to further chromatography
in solvent V and electrophoresis. The RF values
obtained by chromatography and the R1 values
obtained by electrophoresis are set out in Table 2
alongside comparable information reported by
Dawson (17). The identity of spot 21 was con-
firmed by co-chromatography with glycerylphos-
phoryleholine in solvents I—TV.
When radioautographs were prepared from skin
maintained in the absence of added glucose, a
similar constellation of spots with a high mobility
in solvent T was seen. However, the uptake of
[11P]orthophosphate into these spots was notably
less than in the case of radioautographs prepared
from skin maintained in the presence of glucose.
Respiration, phospholipid content and uptake of
[12P]orthophosphate into the phospholipids of skin
maintained in the presence or absence of added glu-
cose. The phospholipid content of fresh skin and
skin incubated in the presence or absence of glu-
cose for 6 hours was measured. Analysis of vari-
ance of the results shown in Table 3 showed that
there was no significant difference in the phos-
pholipid content of skin treated in these three
ways (P 0.1). However, while no difference has
been established, this probability is sufficiently
low to warrant further investigation.
Incorporation of [12P]orthophosphate into the
phospholipids of skin maintained for 6 hours in
the presence or absence of glucose is also shown
in Table 3. Tn this ease, analysis of variance
showed that there was a significantly greater up-
take of [32P]orthophosphate into the phospholipids
of skin maintained in the presence of added glu-
cose compared with skin maintained in the ab-
sence of glucose (0.025 > P > 0.01).
Table 3 also records the oxygen uptake of skin
maintained in the presence or absence of added
glucose: analysis of variance shows that the
greater uptake of oxygen in the presence of glu-
cose is significant (P — 0.01).
DIScUSSION
When skin was maintained on a medium con-
taining [12P]orthophosphate and glucose, two di-
mensional chromatography revealed the presence
of many labelled sugar phosphates. Tn contrast,
when skin was similarly maintained in the ab-
sence of added substrate, virtually no labelled
sugar phosphates were detected. This may be
regarded as evidence that the main endogenous
substrate of skin is not carbohydrate. This eon-
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TABLE 3
Respiration, phospholipid content and uptake of [32P]orthophospkate into the phospholipids of skin
maintained for 6 hr in Ike presence or absence of added glucose
Animal No.
Phospholipid P 5g P/mg wet wt
a2 URtake into
Phosphnlipsds Connts/Mg
Wet Wt
Oxygen Uptake pl /Mg
Wet Wt
Fresh skin Glucsseabsent
Glucose
present
Glucose
absent
Glucose
present
Glucose
absent
Glucose
present
1
2
3
4
5
6
Mean
0.29
0.30
0.24
0.29
0.32
0.36
0.24
0.30
0.24
0.35
0.35
0.37
0.304
0.27
0.30
0.28
0.29
0.33
—
0,32
0.34
0.32
0.33
0.33
0.35
0.314
0.32
0.34
0.32
0.33
0.36
0.38
0.31
0.32
0.32
0.34
0.32
0.38
0.337
1.7
1.7
2.4
1.8
1.7
1.7
2.0
2.0
1.7
2.1
2.4
2.5
1.98
2.5
2.5
1.9
—
2.6
2.3
2.4
2.3
2.1
2.5
2.7
3.0
2.44
4.4
3.2
37
3.5
3.6
4.1
3.8
3.4
2.9
2.9
2.5
3.2
3.43
4.7
4.9
5.0
5.2
4.4
4.4
4.6
3.7
4.4
3.7
5.7
4.9
4.63
elusion is in agreement With R.Q. values reported
by Berenbium, Chain and Heatley (18) and Gil-
bert (19) and with direct measurements made by
Cruickshank, Trotter and Cooper (1).
An indication of the nature of the endogenous
substrate was afforded by the appearance in skin,
maintained in the absence of added substrate, of
appreciable amounts of labelled phosphorylcho-
line. This could arise from the incomplete opera-
tion of the anabolic part of the phospholipid cycle
(20). Tn this cycle, lecithin is broken down into
its component fatty acids, glycerophosphoric acid
and choline. In the synthetic part of the cycle,
choline is phosphorylated to phosphorylcholine
before being incorporated into cytidine diphos-
phate choline and finally lecithin. If synthesis
stops at phosphorylcholine in skin deprived of
exogenous substrate, we have an explanation for
the accumulation of this compound. This hy-
pothesis was supported by the fact that there was
less incorporation of [32P]orthophosphate into the
phospholipids and glycerylphosphoryl diesters of
skin maintained in the absence of added substrate
compared with the incorporation measured in skin
maintained in the presence of glucose.
If resynthesis of phospholipids is incomplete
in skin deprived of added substrate, it is possible
that fatty acids produced in the catabolic part
of the phospholipid cycle may become available
as endogenous substrate. If each molecule of phos-
pholipid yields two molecules of fatty acid, part
of which is subsequently oxidized, some phos-
pholipid P will be converted into a water soluble
form. One would then expect to detect a decrease
of phospholipid P in skin maintained iii the ab-
sence of added substrate. From the variance as-
sociated with our phospholipid determinations,
it can be shown that there is a 95% chance of
detecting a difference as small as 0.05 eg phos-
pholipid P/mg skin. Assuming that the fatty
acids contain an average of 16 carbon atoms and
that they arc completely oxidised to carbon di-
oxide and water, this decrease in phospholipid P
would be associated with an uptake of 1.7 M1
oxygen which is about one half of the observed
endogenous uptake. However, no loss of phos-
pholipid P was detected in skin maintained in the
absence of added substrate. We therefore con-
clude that not more than one half of the endog-
enous substrate of skin can consist of fatty
acids which have been derived from the break-
down of phospholipids into water soluble phos-
phates and fatty acids. Our results do not exclude
the possibility that part of the endogenous sub-
strate of skin could arise from the partial break-
down of phospholipids into lyso-phosphatides and
fatty acids which occurs in ram spermatozoa
(21).
It is of interest to calculate the radiation dose
received by our skin slices during the course of
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the incubation. Assume the skin to he immersed
in a solution of uniform specific activity. The
maximum range of '2P beta particles in water is
3 mm (22) so that solution more than 3 mm from
the skin will not contribute to the dose received.
Thus, if the thickness of the solution on all sides
of the skin is greater than 3 mm we can ignore
the total volume of solution in calculating the
dose received by the skin.
For 32p, energy per disintegration
= 1.7 Mev
= 1.7.1.6.10—6 erg
For 1 microcurie, disintegrations per sec. =
3.7. 10g.
Therefore, for 1 microcurie 'P, energy radiated
= 1.7.1.6.3.7.10—2
= 10—' erg/sec.
Now 1 rad = 100 erg/g.
If 'P is contained in lg., dose = 101.lO_2
= 10'rad/sec.
But skin received radiation from one side only.
Therefore the dose to skin floating on a layer of
solution of specific activity 1 C/g and greater
than 3 mm. thick is 0.510— rad/sec. For skin
cultured on a medium of specific activity 100
C/g for 4 hours the dose received will be
0.5. 10'.10036004 = 720 rads. While this
value is certainly an overestimate, no allowance
having been made for self absorption by the
medium and incomplete absorption by the skin,
it must be remembered that Bernstein and Foster
(23) have shown that a dose of 'P beta-irradia-
tion as low as 50 rads affects the in vivo incorpo-
ration of ["P}orthophosphate into the nucleotides
of rat skin.
SUMMARY
1. The incorporation in vitro of ['2P]orthophos-
phate into the acid-soluble phosphate esters and
phospholipids of skin has been studied.
2. Withholding glucose from the incubatioa
medium led to a decreased incorporation of "P
into all phosphate esters except in the case of
phosphorylethanolamine, where no change was
detected, and phosphorylcholine, where a thirty-
fold increase was observed. Withholding glucose
from the medium also led to a decreased incor-
poration of 'P into the phospholipid fraction of
skin, whereas the content of phospholipid phos-
phorus was not affected.
3. The data confirm that carbohydrate is not
an important endogenous substrate of skin. Fatty
acids derived from the complete breakdown of
phospholipids cannot account for more than half
of the observed endogcnous respiration. There
remains the possibility that fatty acids derived
from the partial breakdown of phospholipids or
from other sources may contribute towards the
endogcnous substrate.
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